Composites are one of the fastest developing materials. Research is particularly intensive in case of light metal alloys due to i.a. economic and environmental aspects. One of the innovative solutions is production of the metal matrix composites (MMC) by adding the cordierite ceramics obtained from fly ashes to magnesium alloys. In addition to obtaining new-generation materials with improved mechanical properties, also the waste is utilized which has a significant environmental and economic importance. In order to select the suitable operating conditions for such alloys, their corrosion resistance must be determined. This paper presents the results of corrosion resistance tests of AM60 magnesium alloy matrix composites reinforced with cordierite ceramics. The following issues were examined: (1) impact of the volume fraction of cordierite ceramics, 2 or 4 wt.%; (2) impact of surface roughness (two variants of surface treatment); and (3) impact of heat treatment on corrosion resistance of obtained composites. The results were compared with data recorded for the base AM60 alloy (which surface treatment was identical as of the composites). Moreover, the XRD and microanalysis of the chemical compositions by EDS method were applied to determine phases occurring in the investigated composites. Furthermore, the XRD was also performed in order to identify the corrosion products on the surface of the material. The test results indicate that the alloy reinforced with 2 wt.% addition of cordierite ceramics had the best corrosion resistance. It was also presented that surface and heat treatment affect the obtained results.
Introduction
Light metal alloys are now increasingly used as structural materials. Among them, magnesium-based materials possess particular properties, having low density and high specific strength. They also have a unique capability of damping vibration. On top of that, they have low inertia and because of that they can be used for making parts which rapidly accelerate or decelerate. For these reasons, intensive research is focusing i.a. on manufacturing magnesium-based metal matrix composites (MMC). As a result of advancements in manufacturing technologies, these materials find application in many industries such as automotive and aerospace (Ref 1-3) .
One of the innovative solutions is production of the MMC by adding the cordierite ceramics obtained from fly ashes to magnesium alloys (Ref 4) . In addition to obtaining newgeneration materials with improved mechanical properties, the waste is also utilized which has a significant environmental and economic importance. However, the mechanical strength of any material must be accompanied by corrosion resistance. By knowing the corrosion resistance, one can select the suitable operating conditions. It is generally known that magnesium has high chemical reactivity which leads to poor corrosion resistance. However, magnesium is resistant to atmospheric corrosion in a lowhumidity air due to forming an oxide layer on the surface. The durability and type of such layer depend on medium in which magnesium is present. On other hand, in a sea atmosphere the surface layer contains magnesium hydroxide and chloride which attract moisture due to hygroscopic properties of MgCl 2 . The magnesium impurities in acceptable amounts are cathodic, reducing the alloyÕs corrosion resistance.
The most popular magnesium alloys contain aluminum. According to Lounder (Ref 5) when the aluminum content in the alloy reaches 8 wt.%, the corrosion resistance significantly increases. However, further research indicated that au much as 5 wt.% of Al content is sufficient to increase the corrosion resistance of Mg-Al alloys (Ref 6) . The corrosion resistance of magnesium alloys also depends considerably on volume fraction, size and distribution of b phase (Mg 17 Al 12 ). Generally, it is believed that b phase plays the role of a cathode in corrosion of magnesium alloys and has a passivating effect in a wide pH range. After dissolution of a phase-the matrix-b phase can be the main corrosion inhibiting barrier. This barrier depends on the amount and distribution of b phase. When the volume fraction of b phase is large, the alloy grain size decreases and b phase is distributed evenly in the alloy and the corrosion inhibiting barrier can be formed. However, when the grain size and the distance between the b phase grains in the alloy increase, the alloy loses the corrosion resistance.
Zinc is also frequently added to magnesium alloys. The corrosion of such alloys is similar to the one occurring in magnesium alloys with addition of aluminum. The main reason of this effect is forming of galvanic microcells between the matrix and MgZn intermetallic compound. However, the difference of electric potentials between MgZn and the matrix is smaller than between MgZn and b phase in alloys with addition of aluminum. As a result, at correctly chosen zinc content and microstructure such materials can have better corrosion resistance than the alloys containing aluminum (Ref  7) .
Another factor affecting the corrosion resistance of magnesium alloys (albeit to a significantly lesser extent) is grain size. Grain boundaries are one of the factors which allows explain the increase in corrosion resistance with decreasing of grain size. However, Song et al. (Ref 8) proved that boundaries are not a barrier in corrosion growth and are more chemically active than grains. Another hypothesis which explains why corrosion resistance increases when the grain size decreases is compensation of stress formed on the boundary between MgO and Mg. The oxide layer on the surface of a fine-grained alloy has a better coverage of metal and less cracking. Hence, the metal has an increased stability of the passive layer (Ref 9) . It is well known that the addition of Cu, Fe or Ni is limited in magnesium alloys because they increase the susceptibility to corrosion by forming cathodic compounds.
Furthermore, heat treatment is used to obtain an adequate microstructure of magnesium alloys. If treatment is carried out at temperatures above 300°C, a protective atmosphere is used. The treatment of magnesium alloys usually involves solution heat treatment and aging. This significantly improves strength properties, plasticity and hardness of the alloy, with a slight decrease in elongation.
This paper presents the results of corrosion resistance tests of MMC made off AM60 magnesium alloy modified with the addition of cordierite ceramics. The following issues were examined: (1) impact of the volume fraction of cordierite, 2 or 4 wt.%; (2) impact of surface roughness (two variants of surface treatment); and (3) impact of heat treatment on corrosion resistance of obtained composites. The results were compared with results recorded for the base AM60 alloy which surface treatment was identical as of the composites. Moreover, the XRD and microanalysis of the chemical compositions by EDS method were applied to determine phases occurring in the investigated composites. Furthermore, the XRD was also performed in order to identify the corrosion products on the surface of the material.
Materials and Methods
Commonly used casting alloy, the AM60 magnesium alloy, was selected as the metal matrix for the composites. The chemical composition of the alloys is shown in Table 2 .
Cordierite ceramics was introduced into the matrix at 2 and 4 wt.% as a powder produced by grinding in a high-power ball mill at 1800 rpm for 2 h. The MMCs were manufactured at ca. 50°C above the matrix melting point in the vortex process. The samples were squeeze-casted into a dia. 200 mm cylindrical mold at the press force of 160 tons. The reference materials selected for the experiments were MMC samples without cordierite, i.e., made of the base alloys (see Table 1 ) with the identical process.
The heat treatment was performed on composites and on the AM60 base alloy. The materials were solution heat-treated at 410°C for 24 h. The aging process was conducted at 200°C for 12 h. In both cases, the heating and cooling rates were 10°C/min.
In order to estimate the influence of heat treatment on corrosion resistance of AM60 and AM60 matrix composites reinforced with cordierite ceramics, the electrochemical test was performed on samples of studied materials after heat treatment as well as without it. The corrosion tests were performed on cylindrical specimens with diameter 20 cm and 5 mm high. Furthermore, the working electrode was appropriately prepared before electrochemical tests. Namely, the surface of sample was successively polished with 600-grit (A series of samples) or 2000-grit (B series of samples) carborundum abrasive paper, then degreased with acetone, rinsed with distilled water and finally dried.
Designation of specimens used in the tests, depending on their chemical composition and preparation-heat and surface treatment, is presented in Table 3 .
The electrochemical tests, i.e., open circuit potential (OCP) variation with time and potentiodynamic polarization, were performed using ATLAS 0531 UI&IA potentiostat cooperating with AtlasCorr05 software. Measurements were taken in environment of a 3.5% NaCl solution at ambient temperature. A conventional three-electrode electrochemical cell was utilized. The saturated calomel electrode (SCE) was used as reference electrode. Platinum electrode was working as a counter electrode. The specimen was a working electrode. The exposed area was 1.33 cm 2 . It is known that the open circuit potential can be used as a criterion for the corrosion behavior. OCP indicates the thermodynamic tendency of a material to electrochemical oxidation in a corrosive environment. This potential may vary with time of immersion. This happens due to changes occurring in the nature of the surface of the electrode (oxidation, formation of the passive layer or immunity). After a certain time of immersion, the potential stabilizes around a steady value. The corrosion test started with the open circuit potential measurement. The potential of the samples was recorded and monitored in a function of immersion time until it reached a stationary value. Open circuit potential (OCP) was measured over 1 h of immersion in solution. After the OCP measurement, the potentiodynamic polarization test was performed. The potential was increased at a rate of 1 mV/s, starting from about 250 mV below the OCP and increase up to about 1.1 V. The potentiodynamic polarization measurements were taken in order to evaluate the corrosion parameters such as corrosion potential (Ecorr), corrosion current density (Icorr), cathodic (B c ) and anodic (B a ) Tafel slope, polarization resistance (Rpol) and corrosion rate (CR). The polarization resistance was determined using linear polarization method (called The microstructure was examined using the JSM5510LV scanning microscope. Microanalysis of the chemical compositions of phases occurring in the investigated composites was checked using an energy-dispersive spectrometer (EDS), IXRF Systems Model 500 Digital Processing.
The phase identification was performed by an x-ray diffraction apparatus D2 Phaser analyzer manufactured by Bruker (anode: Cu (copper); step of measurement: 0.02°; 8 s. per step). The main phases were identified by means of the measurement of interplanar distances and the subsequent comparison of the obtained set of data with the pattern set. Diffraction data processing was performed with Evasoftware. The phases were identified with PDF2 database.
Results and Discussion
A comparison of microstructure of composites with AM60 base alloy indicates the presence of an additional phase. The phase with oval shapes, which often join one another, occurred in all analyzed specimens (with and without cordierite ceramics). The additional phase, on the other hand, had linear forms which intersected each other, usually at angles close to 90°. This phase was noticed only in materials containing cordierite. In addition, it was observed that the volume fraction of this phase increased when amount of cordierite ceramics added to the composite also increased.
A representative microstructure of the AM60 composite with 2 wt.% of cordierite ceramics is shown in Fig. 1 . Precipitates of two additional phases in the alloy matrix can be clearly seen. The XRD (Fig. 2) confirmed that the first phase was Mg 17 Al 12 , and another one was Mg 2 Si. Moreover, the chemical compositions of phases identified by EDS method are shown in Table 4 . Furthermore, the specific phase morphology in the form of coarse Chinese script shape additionally proves the presence of Mg 2 Si phase (Ref 4, 10-13). It was also observed that the heat treatment did not affect significantly the microstructure of tested composites.
It was stated that corrosion resistance of magnesium alloys is affected by some factors, such as chemical composition, the nature of the aggressive environment, quality of sample surface and heat treatment (Ref 14, 15) .
The variations in open circuit potential for all investigated materials immersed in 3.5% NaCl solution were monitored. The selected results are presented in Fig. 3, 4 and 5. The values of open circuit potential at the beginning of the test and after 1 h of immersion were determined and they are listed in Tables 5 and 6 .
It can be stated that the values of open circuit potential at the beginning of test are lower in comparison with OCP after 1 h of immersion in 3.5% NaCl solution for all investigated materials. In case of all investigated materials, displacement of the OCP toward positive values can be seen. The increase in OCP indicates noble metal behavior. This effect was caused by changes taking place in the surface of material. The formation of the oxide film on the sample surface occurred. This kind of behavior improves corrosion resistance. The OCP of AM60 alloy reaches steady values after a period of about 1000 s. In case of AM60 matrix composites, this period is longer, about 2000 s than for AM60 with 4 wt.% of cordierite ceramics composites. The constant value of OCP suggests the thermodynamic stability of the passive layer and resistance to chemical dissolution in 3.5% NaCl solution. Moreover, the impact of heat treatment on corrosion behavior of magnesium alloys and composites was observed (Fig. 4 and 5) . The OCP for heattreated AM60 alloy as well as AM60 matrix composites shows the tendency to shift toward more negative direction, consequently the values are lower. The obtained results indicate that in the A series specimens (designation according to Table 3 ) the OCP decreased with increasing content of cordierite ceramics in the alloy. In all of the B series specimens, it was the other way around: the OCP increased with increasing content of cordierite ceramics in the alloy. This effect was independent of heat treatment. The observed relationships confirm the impact of the surface treatment (surface roughness) on corrosion processes occurring during the measurements. A few literature references from other researchers also prove that surface roughness of magnesium alloys rather significantly affects their corrosion behavior. For instance, Alvare et al. (Ref 16) found that in case of AE44 alloy, the increased surface roughness reduces the total corrosion of the alloy during the immersion test in 3.5% NaCl. In addition, the specimens with the smallest surface roughness showed greater pitting corrosion and greater volume of pits in the material in comparison with the specimens with higher roughness. On the other hand, Walter et al. (Ref 14) studied the AZ91 alloy. The surfaces of specimens were ground with 320-, 600-and 1200-grit abrasive paper and polished using 3-lm diamond paste. The measurements indicated that in immersion tests in 0.5% NaCl for 24 h, the specimens with the smallest surface roughness had the best corrosion resistance. The specimen with the highest surface roughness succumbed to pitting corrosion to a rather significant degree. The analogous measurements performed with the use of a galvanostat gave opposite results to measurements during the immersion tests. It was observed that increased surface smoothness resulted in an increased number of corrosion pits. These tests proved that, past the passivation barrier, surface roughness has a significant impact on the occurrence of corrosion pits. The selected polarization curves of AM60 magnesium alloy and AM60 matrix composites reinforced with cordierite ceramics are shown in Fig. 6 and 7 .
As it can be seen from presented potentiodynamic polarization curves, there is no symmetry between anodic and cathodic branches of polarization curves. Practically, each of Table 5 The values of open circuit potential: at the beginning and after 1 h of immersion in 3.5% NaCl solution for AM60 magnesium alloy as well as magnesium alloy matrix composites reinforced with cordierite ceramics in an amount of 2 and 4 wt.% Table 6 The values of open circuit potential at the beginning and after 1 h of immersion in 3.5% NaCl solution for heattreated AM60 magnesium alloy as well as magnesium alloy matrix composites reinforced with cordierite ceramics in an amount of 2 and 4 wt.% have been calculated for all investigated materials. They are listed in Tables 7 and 8 . The polarization resistance was determined using Stern method as well as Stern-Geary method.
As expected, the conditions of sample preparation affected the parameters such as corrosion potential, corrosion current density as well as corrosion rate. Samples from the B series exhibit lower values of corrosion current density and higher values of potential corrosion and corrosion rate (CR and MR) in comparison with similarly prepared samples from the series A. Moreover, the increase in corrosion potential and polarization resistance was observed, while current density, corrosion rate as well as anodic and cathodic Tafel decreased constantly for heat-treated AM60 reinforced with 2 wt.% of cordierite ceramics. It can be said that only for composites with this chemical composition the heat treatment significantly improves the corrosion resistance. It should be emphasized that this material has the best corrosion resistance among all of the investigated materials. The corrosion processes occurring in composites can be explained as follows.
The corrosion properties of magnesium alloy result from its high chemical activity and the contents of precipitates. Phase Mg 17 Al 12 exists in the microstructure of AM60 magnesium alloy. The value of potential corrosion of the Mg 17 Al 12 phase is À1.20 V versus SCE (Ref 17) . This phase is more resistant to corrosion in comparison with a-Mg matrix. It is generally believed that this phase acts as a cathode in case of magnesium alloys corrosion and it exhibits a good passive behavior. After immersion of the magnesium alloy in 3.5% NaCl solution, the formation of an electrolytic cell occurs. The Mg 17 Al 12 phase is the cathode and the surrounding matrix is the anode. According to the studies (Ref 7, 17) , after the dissolution of the anodic a phase, Mg 17 Al 12 may play the role of a barrier to inhibit corrosion.
After exposure to chloride ions in a non-oxidizing medium, pitting corrosion will occur at free corrosion potential of magnesium. It is generally observed that corrosion pits initiate at the secondary phase such as Mg 17 Al 12 as a result of the breakdown of passivity.
The corrosion reactions of magnesium alloy can be expressed as:
Oxygen reduction as per following reaction: Representative photographs of macrostructures of areas following the potentiodynamic tests for AM60 alloy and composites containing 2 wt.% of cordierite ceramics are presented in Fig. 8, 9 and 10.
The presented surfaces show the effects of potentiodynamic tests. The whole surface of the AM60 alloy was covered with corrosion products. However, the formed layer did not protect the material from further damage. The specimen underwent further pitting corrosion.
The smallest amount of corrosion products in the form of isolated precipitates was observed for composite with 2 wt.% addition of cordierite ceramics and polished with 2000-grid abrasive paper. A similar trend was also observed in case of AM60 alloy without and with 4 wt.% addition of cordierite ceramics.
In order to identify the corrosion products formed on surface of composites, the XRD analysis was performed after the potentiodynamic measurements. The diffraction pattern of AM60 4C 600 HT specimen is presented in Fig. 11 . The results indicate that the magnesium oxide phase precipitates on the surface of the material. 
Conclusions
A novel magnesium alloy matrix composites reinforced with cordierite ceramics, obtained from fly ashes and produced by squeeze casting were investigated. In this study, comprehensive analysis concerning the corrosion resistance was demonstrated.
On the basis of the obtained results, it was found that both surface roughness and volume fraction of cordierite ceramics in AM60 alloy have a significant impact on the corrosion resistance of obtained composites. The heat treatment has a smaller impact on the material properties. The corrosion resistance increased with decreasing of surface roughness. The AM60 magnesium alloy matrix composites reinforced with 2 wt.% addition of cordierite ceramics had the best corrosion resistance. Moreover, the investigated magnesium composites can be an alternative for aluminum composites which find application in many industries such as automotive or aerospace. In particular, they may be used for the production of parts that must have increased resistance to corrosion.
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